Objectives To examine the cross-sectional and longitudinal relationships between cardiac autonomic tone and serum CRP and to investigate potential causal links between these measures. Methods A population-based sample of 188 homedwelling, middle-aged and older adults (104 women, mean age 59 years) from Cook County, IL, participated in this prospective cohort study. High-frequency heart rate variability (HF) and pre-ejection period (PEP) served as markers of cardiac parasympathetic and sympathetic tone, respectively. Cardiac autonomic balance (CAB) was defined as the arithmetic difference between normalized values of HF and PEP. Multivariate regression and autoregressive cross-lagged panel analyses were used to investigate cross-sectional and longitudinal relationships, respectively. High-sensitivity enzyme immunoassay measured serum CRP. Results After removing three cases with CRP values suggesting acute inflammation, the mean CRP value was 1.43 mg/L (range 0.02-7.96 mg/L, SD = 1.55). In models that adjusted for gender, age, race/ethnicity, education, body mass index, smoking, exercise, systolic blood pressure and health conditions including diabetes and hypertension, HF (B = -0.15, SE = 0.04, P \ 0.01) and CAB (B = -0.14, SE = 0.04, P \ 0.01) were significantly associated with natural log (ln) CRP. In longitudinal analysis, higher CRP levels in any one year predicted greater increases in HF in the subsequent year. Interpretation The inverse relationship between HF and CRP in cross-sectional analysis is consistent with previous studies, while the longitudinal results suggest that cardiac parasympathetic tone may increase over time as a result of higher circulating CRP.
Introduction
Nearly two decades of experimental and clinical research have established C-reactive protein (CRP) as a risk factor for coronary artery disease [23] . Endogenous control of CRP is not fully understood, but recent studies suggest that the autonomic nervous system (ANS) may play a role. In the cholinergic anti-inflammatory pathway described by Tracey, cytokines produced at sites of inflammation, including IL-1 and TNFa, stimulate afferent fibers of the vagus nerve [28] . This leads to activation of the dorsal motor nucleus in the medulla and stimulation of efferent vagus nerve fibers, which release acetylcholine at the sites of inflammation [28] . Because acetylcholine acutely inhibits the production of macrophage-derived inflammatory cytokines, including IL-1, IL-6 and TNFa [28, 29] , which are known inducers of hepatocyte-derived CRP, an important downstream effect of increased parasympathetic tone may be decreased CRP production.
Consistent with the cholinergic anti-inflammatory pathway, an inverse cross-sectional relationship has been noted between cardiac parasympathetic tone and CRP among healthy individuals [1, 24, 26, 27] . Additionally, decreased cardiac parasympathetic tone has been noted among adults experimentally exposed to endotoxin [12] and among children in septic shock [9] . Taken together, these results suggest that cardiac parasympathetic tone may suppress CRP among healthy individuals, while CRP may suppress cardiac parasympathetic tone in the setting of acute inflammation. What has yet to be established is the longitudinal relationship between CRP and cardiac autonomic tone among adults, some of whom have chronic health conditions.
To answer this question, we examined cardiac autonomic tone and CRP both cross-sectionally and longitudinally in a population-based sample of middle-aged and older adults. Cross-sectionally, we hypothesized that CRP would be negatively associated with cardiac parasympathetic tone and positively associated with cardiac sympathetic tone. Longitudinally, we expected that the ageassociated decline in cardiac parasympathetic tone [16] would be followed by increases in serum CRP.
Methods

Study population
Data for this study were collected annually over a 3-year period as part of the Chicago Health, Aging, and Social Relations Study (CHASRS), a longitudinal, populationbased study of persons born between 1935 and 1952. The target population was non-Hispanic Caucasian, African American, and non-black Latino American persons between the ages of 50 and 68 living in Cook County, IL, who were English speaking and sufficiently ambulatory to come to the University of Chicago for a daylong visit to the laboratory. The sample was selected using a previously described multistage probability design [13] . Participants were paid US $126 each year for participating in the study. This study was approved by the University of Chicago Institutional Review Board.
Cardiovascular and autonomic measures
After arriving at the laboratory between 8:00 and 9:00 a.m., participants were seated in a comfortable padded chair and experimenters attached sensors for electrocardiography, impedance cardiography and blood pressure recording. The electrocardiogram was obtained using the standard lead II configuration; the impedance cardiogram was obtained using a standard tetrapolar electrode system, and the procedures were as described by Sherwood et al. [25] . Systolic, diastolic and mean arterial blood pressure were measured using a tonometric device (Colin Vital Statistics Monitor, Model BP-508; Vital Signs, Minster, OH) that records a pulse wave by partial occlusion of the radial artery against the radius at the wrist and allows beatto-beat measures of blood pressure. The ECG, Z 0, and tonometric blood pressure signals were digitized at 1,000 Hz.
We estimated cardiac parasympathetic tone via highfrequency heart rate variability (HF), which was derived from the ECG following procedures specified by Berntson et al. [2] . Briefly, the interbeat interval (RR) series for individual minutes was subjected to a spectral analysis where spectral power was integrated over the respiratory frequency band (0.15-0.4 Hz) (Mindware Impedance Cardiography system, Gahanna, OH). Respiratory rate was derived from the Z 0 signal as previously reported [10] . Minute-by-minute means for HF and respiratory rate were averaged across the four baseline minutes to increase reliability. To control for the influence of respiration on HF, HF was regressed on respiratory rate and the residual was used in subsequent analyses.
Autonomic blockade studies indicate that low-frequency heart rate variability (LF) reflects both sympathetic and parasympathetic modulation of the heart [6] . On the other hand, pre-ejection period (PEP), which is the time interval from the onset of the Q wave in the EKG to the opening of the aortic valve, as reflected by the B point of the dZ/dt waveform, varies as a function of sympathetic, but not parasympathetic activation of the heart [6] . Therefore, we estimated cardiac sympathetic tone using PEP instead of LF. PEP was derived using custom software (Mindware, Gahanna, OH, USA) that generated the dZ/dt waveform following procedures described by Berntson et al. [4] . EKG and impedance cardiograms were averaged each minute and minute-by-minute means were averaged over the 4-min baseline period. PEP is an inverse measure of cardiac sympathetic tone because smaller PEP values reflect greater sympathetic modulation of the heart rate.
Cardiac autonomic balance or CAB was defined as the difference between cardiac parasympathetic and sympathetic tone [3] . To calculate CAB, HF and PEP values were first transformed to z scores. This normalized them so that they represented standard deviations from the population mean. Because PEP is an inverse measure of cardiac sympathetic tone, it was multiplied by (-1) to create a positive relationship between PEP and sympathetic activity. Hence, CAB = HF minus (-1)(PEP) [3] .
Measurement of CRP
At least one drop of free-flowing capillary blood was collected on filter paper (#903, Schleicher and Schuell Bioscience, Inc., Keene, NH) for analysis of CRP [20] . After collection, samples were covered, allowed to dry overnight and stored frozen at -80°C until analysis. Samples were batched and analyzed on a yearly basis using a high-sensitivity enzyme immunoassay protocol previously developed for use with blood spots [18] . Prior validation of assay performance indicates that the blood spot CRP method has good sensitivity, precision, and reliability and a high correlation between matched plasma and blood spot samples (Pearson r = 0.96, N = 94) [17] .
Other measurements
Following the example of Sloan et al. [26] , demographic variables and measures known to be associated with CRP were included as covariates. Demographic covariates were race/ethnicity, gender, age at study onset (years) and education (high school diploma or GED). Measures known to be associated with CRP included smoking status, body mass index (BMI), systolic blood pressure (SBP), physical activity, hypertension, diabetes mellitus, and medications, including hormone replacement therapy. Smoking status was defined by self-reported current smoking and former smoking, with non-smoking serving as the reference category. Height and weight were obtained prior to the cardiovascular protocol using a standard medical scale (Detecto, Pro-Med Products, Atlanta, GA). BMI was calculated as weight in kg/(height in m) 2 . Physical activity was assessed using a modified version of the Minnesota Leisure Time Physical Activity Questionnaire (MLTPA), which inquires about the frequency and duration of various exercises, sports or physically active hobbies during the past 14 days [21] . Physical activity intensity level was defined as absent, light, moderate or heavy.
During the health interview, participants were asked whether they had ever been diagnosed with hypertension or diabetes mellitus. Participants were asked to bring their medications with them to the laboratory, and experimenters recorded drug name, dosage and frequency for subsequent coding. As per Sloan et al. [26] , a dichotomous composite health conditions covariate was calculated to reflect the presence of hypertension, diabetes or the use of cardiovascular, anti-inflammatory, anti-diabetes or sex hormone replacement medications [26] .
Statistical analysis
Cross-sectional analysis Cardiovascular data were obtained on 187 participants in year 3, 172 in year 4 and 157 in year 5. To minimize the impact of measurement error and extreme scores on analytic results, autonomic measures (i.e., HF, PEP) with values that exceeded three standard deviations from the within-year mean were not included in the analyses. Degrees of freedom were adjusted for incomplete data in analyses.
CRP data were obtained on 188 participants in year 3, 170 in year 4 and 156 in year 5. The CRP distribution was highly positively skewed and was therefore subjected to a natural log (ln) transformation before analysis. As per recommendations reported elsewhere [19] , blood spot concentrations exceeding 8.6 mg/L were considered indicative of acute inflammation and these values were removed from analyses. In addition, log-transformed CRP values that exceeded three standard deviations from the mean were not included in the analyses. This resulted in the loss of 3 cases in year 5. Degrees of freedom were adjusted for incomplete data in the analyses.
To enhance the statistical power, cross-sectional analyses were conducted on the stacked data from years 3-5, using the MIXED procedure in SPSS version 16.0. The study year was treated as a repeated measure in this analysis to account for non-independence of CRP levels within participants across years. Values for age, SBP and BMI were centered around the sample mean, thereby permitting the intercept parameter to be interpreted as the mean natural log-transformed CRP at the mean or reference category of all the predictor variables. Three multiple linear regression models predicting natural log-transformed CRP were tested: a parasympathetic model that included HF, a sympathetic model that included PEP, and an autonomic balance model that included CAB.
Longitudinal analysis
Longitudinal analyses were conducted using an autoregressive cross-lagged (ARCL) panel model approach [7] . Cross-lagged path analysis is widely used to infer causal associations in data from longitudinal research designs and, in the present study, we used this approach to simultaneously address reciprocal causal influences involving CRP and measures of autonomic functioning (i.e., HF, PEP, CAB). Using this approach, the pattern of effects from year 3 to year 4 is conceptually replicated in the effects from year 4 to year 5.
The cross-lagged panel analyses were conducted with MPlus (Muthen & Muthen, Los Angeles). All analyses were conducted using maximum likelihood estimation with robust standard errors (MLR). In the present study, covariance coverage values, which indicate the proportion of data present to estimate each pairwise relationship, ranged from 82 to 100%. The degree of model fit was assessed using the v 2 goodness of fit statistic and the rootmean square error of approximation (RMSEA) [5] . MacCallum, Browne, and Sugawara [15] [14] .
Results
Descriptive analysis
In year 3 of CHASRS, when data collection for CRP was initiated, we obtained CRP values for 188 of the 192 participants. Table 1 
Cross-sectional analysis
Parameter estimates for the multilevel linear regression models are provided in Table 2 . Consistent with prior literature [30] , female gender and BMI were associated with higher levels of CRP in all three models. None of the other demographic or control variables significantly predicted natural log-transformed CRP in any of the three models. In addition, CRP values did not exhibit a significant linear trend over the 3 years of the study, as indicated by a nonsignificant coefficient for the study year in each model. In the parasympathetic model, HF was a significant negative predictor of natural log-transformed CRP (B = -0.15, SE = 0.04, P \ 0.01) after adjusting for sex, race/ethnicity, age, education, smoking, exercise, BMI, SBP, health conditions, and study year. Adjusting for the same covariates in the sympathetic model, PEP was a negative predictor of ln CRP, but this effect was not significant. In the autonomic balance model, CAB was a significant negative predictor of natural log-transformed CRP (B = -0.14, SE = 0.04, P \ 0.01) after adjusting for demographic and control variables.
Because health conditions and medications to treat them can affect autonomic modulation of the heart, we repeated the cross-sectional analysis among the 114 individuals who did not have a health condition and did not take cardiovascular, anti-inflammatory, anti-diabetes or sex hormone replacement medications. Results from this analysis mirrored results among the entire cohort. As in the initial analysis, female gender and BMI were associated with higher levels of CRP in all three models. In addition, HF was significantly associated with natural log-transformed (ln) CRP (B = -0.13, SE = 0.05, P \ 0.01) after adjusting for sex, race/ethnicity, age, education, smoking, exercise, BMI, SBP, health conditions and study year. Adjusting for the same covariates in the sympathetic model, PEP was not significantly associated with ln CRP. In the autonomic balance model, CAB was a significant negative predictor of ln CRP (B = -0.12, SE = 0.05, P \ 0.01) after adjusting for demographic and control variables. 
Longitudinal analysis
Autoregressive cross-lagged panel models were used to assess the magnitude and significance of the 1-year lagged effect of CRP on each of the measures of autonomic functioning (HF, PEP, CAB), and simultaneously, the reciprocal 1-year lagged effects of each of the autonomic measures on CRP. Figure 1 depicts the model of the reciprocal relationships between CRP and HF over the course of 3 years. Autoregressive paths (single-headed arrows from a given variable at one time point to the same variable at the next time point) and 1-year lagged effects of timevarying variables (diagonal single-headed arrows) were constrained to equality. The lagged effects of age, gender, race/ethnicity and high school diploma were not constrained to equality across years and were allowed to be freely estimated. The application of equality constraints imposes stationarity on the relationships among variables in the model and the resulting model fit can be compared 
Discussion
Consistent with our hypothesis and with previous crosssectional studies [1, 24, 26, 27] , we found that cardiac parasympathetic tone was negatively associated with CRP after adjusting for multiple relevant covariates. In addition, univariate (but not multivariate) analysis revealed a small but significant association between sympathetic tone, as reflected by PEP and CRP. Finally, we found that the relative dominance of parasympathetic tone over sympathetic tone (greater CAB) was associated with lower serum CRP in cross-sectional multivariate analysis. Among previous studies of autonomic tone and CRP, our analysis is most similar to Sloan et al. [26] , which found an inverse cross-sectional relationship between HF and CRP after adjusting for age, race, sex, education, current smoking, physical activity, SBP, BMI and health conditions [26] . However, our cohort was older (mean age 59 vs. 40 years), had a higher mean BMI (31.3 vs. 29.3), and a greater mean SBP (129.7 vs. 114.1 mm Hg). Therefore, our results suggest that the inverse relationship between cardiac parasympathetic tone and CRP among CRP C-reactive protein, HF high-frequency heart rate variability, PEP pre-ejection period, CAB cardiac autonomic balance, BMI body mass index, SBP systolic blood pressure, Health conditions presence of hypertension or diabetes or the use of cardiovascular, antiinflammatory, anti-diabetes or sex hormone replacement medications a The reference group is Caucasian younger adults persists among middle-aged and older adults. In addition, by analyzing individuals without health conditions or related medications, we found further evidence that CRP was associated with both HF and CAB.
To investigate the potential causal links between HF and CRP, we conducted longitudinal analysis on 3 years of autonomic and CRP data. Contrary to our hypothesis that age-related decreases in parasympathetic tone would be followed by increases in CRP, we did not find an inverse relationship between HF and CRP in the longitudinal analysis. Rather, we found that a higher CRP level in 1 year predicted an increase in HF in the subsequent year, suggesting that over time, higher CRP may lead to higher parasympathetic tone.
We expected a significant relationship between CRP and cardiac sympathetic tone because macrophage stimulation by epinephrine and norepinephrine can enhance the production of TNFa [8] , an inducer of hepatocyte-derived CRP. Univariate analysis revealed a negative correlation between PEP (a negative measure of cardiac sympathetic tone) and CRP, but this relationship was not present in the multivariate model. The lack of association between PEP and CRP in our multivariate model may reflect the fact that sympathetic stimulation of macrophages has complex effects, including both stimulation and inhibition of inflammatory cytokines [8] .
We found that CAB was inversely related to CRP after adjusting for sex, race, ethnicity, age, education, smoking status, exercise, BMI, SBP and health conditions. This result is consistent with previous research showing lower CAB in adults with diabetes [3] , a disease associated with chronic inflammation and elevated CRP. In our multivariate models, the coefficient on CAB was similar in size and significance to the coefficient on HF, suggesting that cardiac parasympathetic, rather than sympathetic, tone accounts for most of the relationship between CAB and HF.
Previous studies have shown that neurotransmitters from the ANS can regulate macrophage production of Fig. 1 Cross-lagged panel model showing that CRP predicts increases in HF HRV over a 1-year period, but HF HRV does not predict changes in CRP. Regression weights are unstandardized. In addition to temporal stability of serum CRP and HF over years 3 through 5, results show that a higher CRP in 1 year is associated with a greater increase in HF in the subsequent year. CRP Creactive protein, HF highfrequency heart rate variability, smokenow current smoker, BMI body mass index, health condition hypertension, diabetes or use of cardiovascular, antiinflammatory, anti-diabetes or sex hormone replacement medications. Numeric suffixes refer to the study year. Covariances (italicized) are standardized (i.e., equivalent to correlations); **P \ 0.01, *P \ 0.05, P \ 0.1 inflammatory cytokines, including TNFa [28] . Because we did not measure inflammatory cytokines, we cannot conclude that TNFa mediated the negative relationships between HF and CRP or between CAB and CRP in multivariate models. To better understand the relationships between the ANS and CRP, future studies should include measures of inflammatory cytokines, including TNFa, IL-1 and IL-6. In addition, although our results did not differ based on the presence of health condition, only 74 of 188 (39%) participants had a health condition. Given the known effects of health conditions and medications on autonomic function, it is possible that our results could have differed had participants with health conditions represented a higher proportion of the entire cohort. Finally, our longitudinal results are based upon three data sets over 2 years. Repeating this analysis over a longer period of time should be a research priority as 2 years may be insufficient to properly characterize longitudinal relationships.
The design of this study permitted cross-sectional and, for the first time, longitudinal analysis of cardiac autonomic tone and CRP. We found that higher CRP at baseline was associated with a greater increase in HF in the subsequent year, regardless of the presence of a health condition. This finding is consistent with research demonstrating the influence of inflammatory cytokines on the ANS via neural and humoral pathways [11, 22] . It is also consistent with the afferent arm of the cholinergic anti-inflammatory pathway, which transmits inflammatory signals to the central nervous system and leads to increased parasympathetic activity [28] . Further research is needed regarding the potential longitudinal effects of CRP on cardiac parasympathetic tone and to determine whether this relationship exists among those with more severe health conditions.
